ABSTRACT Despite the use of bacille Calmette-Guérin (BCG) for almost a century, pulmonary tuberculosis (TB) continues to be a serious global health concern. Therefore, there has been a pressing need for the development of new booster vaccines to enhance existing BCG-induced immunity. Protection following mucosal intranasal immunisation with AdHu5Ag85A is associated with the localisation of antigen-specific T-cells to the lung airway. However, parenteral intramuscular immunisation is unable to provide protection despite the apparent presence of antigen-specific T-cells in the lung interstitium. Recent advances in intravascular staining have allowed us to reassess the previously established T-cell distribution profile and its relationship with the observed differential protection. Respiratory mucosal immunisation empowers T-cells to home to both the lung interstitium and the airway lumen, whereas intramuscular immunisation-activated T-cells are largely trapped within the pulmonary vasculature, unable to populate the lung interstitium and airway. Given the mounting evidence supporting the safety and enhanced efficacy of respiratory mucosal immunisation over the traditional parenteral immunisation route, a greater effort should be made to clinically develop respiratory mucosal-deliverable TB vaccines. @ERSpublications Immunisation route determines TB vaccine efficacy based on whether T-cells can enter restricted lung mucosal sites http://ow.ly/M0shT
Introduction
Mycobacterium tuberculosis is the causative agent of pulmonary tuberculosis (TB) and remains the leading infectious cause of death [1] . Although control of primary M. tuberculosis infection in the lung is strongly correlated with the induction of T-helper cell 1 cellular responses within the lungs, such responses are delayed for up to 3 weeks post-infection [2, 3] . This leads to unchecked bacterial infection within the host [4] . The only clinically approved TB vaccine, bacille Calmette-Guérin (BCG), accelerates the emergence of T-cell responses in the lung by only a few days [3, 5] . Furthermore, BCG-induced immunity wanes over time, so that by adulthood most people are no longer protected from TB. Therefore, the development of vaccines able to further accelerate and enhance existing BCG-mediated T-cell responses has been recognised as a priority in the field of TB vaccine development [6] . To date, there are over a dozen candidate TB vaccines at various stages of testing in the clinical trial pipeline [6] , either designed to replace BCG itself or to boost pre-existing BCG responses. In particular, viral-based booster vaccines are among those that have demonstrated great promise in clinical trials [7] [8] [9] .
Protection against pulmonary TB is determined by the differential distribution of T-cells in lung anatomic compartments following immunisation
Since the lung is the site of M. tuberculosis entry, examination of immune responses in the lung is of particular importance. Upon exposure to M. tuberculosis, the bacterium is deposited into the lung airway, and infects local macrophage and dendritic cells. After 8-9 days these cells migrate to the lung draining lymph node, where they prime naïve T-cells and provide the activation signals to generate a population of M. tuberculosis-specific T-cells [10] . These cells then travel through the lymphatic circulation into the venous blood circulation, eventually ending up in the pulmonary vasculature (pulmonary artery). Activated antigen-specific T-cells then migrate through the endothelium into the pulmonary interstitium (parenchyma), eventually entering the lung airways where they become long-lived effector memory cells that are able to activate infected macrophage populations for enhanced control of M. tuberculosis infection [2, 3] .
The current knowledge in the field is that the presence of anti-TB T-cells induced by immunisation in the lung airways before or shortly after M. tuberculosis infection is critical for protection [5, 11] . In this regard, the respiratory mucosal route of immunisation is superior to the parenteral route in protecting against pulmonary TB [12, 13] , because of its ability to induce anti-TB T-cell immunity in the lung airways in addition to inducing T-cell responses in the lung interstitium. In contrast, parenteral immunisation fails to elicit T-cell responses in the airway lumen although it induces T-cells to populate the lung interstitium [12] .
Paradoxically, our previous work has demonstrated that despite the generation of fully functional antigen-specific T-cells in the peripheral lymphoid tissues and the lung interstitium, intramuscular immunisation fails to protect against pulmonary TB [14] . It was initially believed that the inability of intramuscular immunisation to protect against pulmonary TB was linked to the absence of T-cells in the airway, which are present following intranasal immunisation. Indeed, adoptive transfer of CD8 T-cells from the spleen of intramuscularly immunised animals into the airway of naïve SCID (severe combined immunodeficiency) mice confers protection against pulmonary TB, highlighting the critical importance of T-cell localisation within the airway for anti-TB immunity [13] . These data, in conjunction with the initial observation that both intramuscular and intranasal immunisation were able to induce anti-TB immunity in the lung as a whole [12] , challenge the stereotypical view that the presence of TB-reactive T-cells in the lung before infection equates to protection against pulmonary TB. In other words, the presence of antigen-specific T-cells in the lung interstitium following intramuscular immunisation does not explain the complete lack of protection in the animals immunised via intramuscular route.
The view that the presence of TB-reactive T-cells in the lung is critical for protection ascends from consideration of the lung as a single tissue compartment. In recent years, discrimination of the lung interstitium from the lung airways, by us and others, has led to better understanding of the anatomic distribution of T-cell responses in the lung and its relevance to anti-TB protection. In addition to these two major lung mucosal compartments, however, there is a dense network of pulmonary capillaries underlying the alveoli that forms a third major compartment in the lung [15] . The lung is one of the most highly vascularised organs and holds ∼40% of the total body blood volume at any given time. Thus, blood-borne leukocyte contamination of the lung tissue may have hindered the accurate interpretation of T-cell responses in the lung as a whole or in the lung interstitium.
Historically, a common approach to get around to this problem in animal models is to perfuse the lung via the pulmonary artery before lung mononuclear cell isolation. Our group and others have employed this approach to "exclude" blood-borne leukocytes [5, 12, 13] . However, an intravascular staining approach was recently used to demonstrate that perfusion was far from effective in removing T-cells from the pulmonary vasculature. In fact, up to 97% of the CD8 T-cells thought to be located in the lung interstitium were present in the lung vasculature following a respiratory viral infection [16] . This observation questions the previous conclusions, including our own, and necessitates revisiting the anatomic distribution of lung T-cell responses following different routes of immunisation.
The availability of the recently developed technique of intravascular staining helps to discriminate pulmonary intravascular and lung tissue T-cell populations for the first time [16, 17] , and appreciate their relationship with anti-TB protection. In our previous studies we have reported that, regardless of route of immunisation, a large population of anti-TB T-cells can be isolated from perfused mouse lungs [12, 13] . However, when the tissue compartment is discriminated from the vasculature we have found that it is only following intranasal immunisation that antigen-specific T-cells are located primarily within the lung interstitium and airways. In stark contrast, following intramuscular immunisation the majority of such cells are confined to the pulmonary vasculature (unpublished data) and are not present within the lung interstitium ( fig. 1) . The anatomic distribution of T-cells following parenteral immunisation resembles the T-cell distribution in the lung of naïve mice, where 99% of lymphocytes are confined to pulmonary vasculature. These preliminary findings, therefore, provide an updated understanding of the basic mechanisms regarding the localisation of T-cells following different routes of immunisation. Importantly, these findings challenge the conventional concept that the lung interstitium alongside the peripheral lymphoid tissues is a common or unrestricted site for antigen-experienced T-cells to home to.
Interestingly, profiling a variety of chemokine receptors and integrins for their mRNA expression on antigen-experienced T-cells isolated from the total lung of mice immunised via either the respiratory or parenteral route with a viral-vectored TB vaccine also displayed striking differences. Expression of chemokine receptors CCR1, CCR6 and CCR8, and integrins CD103 (α ε β 7 ) and VLA-1 (α 1 β 1 ) were many fold increased on antigen-specific T-cells induced by respiratory mucosal immunisation compared with those induced by intramuscular vaccination (unpublished data) ( fig. 1) . Furthermore, flow cytometry analysis of proteins for these genes on antigen-specific T-cells residing in the lung interstitium and airway lumen following respiratory mucosal immunisation revealed similar expression patterns for these markers on these two populations of T-cells, further supporting that T-cell entry to the lung interstitium is as restricted as entry to the airway lumen. CD103 and VLA-1 expression has been defined as a residential surface marker for the T-cells in nonlymphoid tissues [18] [19] [20] . Currently, homing molecules involved in migration of antigen-experienced T-cells to the lung are not well established [21] . This is partly due to the lack of techniques to discriminate intravascular and tissue residing T-cells in the past. Use of the intravascular staining approach will facilitate redefinition of the homing molecules involved in T-cell recruitment to and retention within the lung interstitium and airway lumen.
Effect of local pro-inflammatory signals on the distribution of T-cells in lung anatomic compartments
The factors that drive the entry of T-cells into different lung mucosal compartments following respiratory mucosal immunisation remain unclear. However, it is well established that innate immune responses play Protection against pulmonary TB is associated with the ability of anti-TB T-cells to exit the pulmonary vasculature and gain entry into the restricted lung mucosal compartments. a) T-cells primed within the lung local draining lymph nodes following respiratory mucosal immunisation express various lung homing molecules including α ε β 7 (CD103), CCR1, CCR6 and α 1 β 1 (VLA-1). These antigen-experienced T-cells, primed with various lung homing markers, are able to exit the pulmonary vasculature and gain entry into the lung interstitium and airway lumen. Once localised at the site of infection, these cells are able to provide rapid protection against pulmonary TB. b) T-cells primed following parenteral immunisation lack expression of lung homing molecules. Following priming in the local draining lymph nodes, these cells are restricted to the pulmonary vasculature, thus limiting their ability to provide robust anti-TB immunity. a large role in the instruction and induction of adaptive T-cell responses. Following immunisation, local dendritic cell populations acquire antigens and subsequently migrate to the local draining lymph node, priming and activating naïve T-cells. It has been suggested that such antigen-presenting cells play an important role in influencing the expression of receptors critical to the migration of T-cells (termed migratory receptors) to specific tissue sites (reviewed by BAATEN et al. [21] ).
The anatomical location from which these dendritic cells are derived also seems to influence the trafficking of activated T-cells to specific tissue sites. Extensive evidence demonstrates the ability of local dendritic cell populations to influence the migration of T-cells to the gut and skin [22] [23] [24] [25] . Whether this also holds true for T-cell migration to the respiratory tract is less clear. However, a recent study demonstrated that lung dendritic cells were able to preferentially recruit T-cells back to the lung in comparison with dendritic cells derived from other local sites following exposure to inhaled antigens through the induction of CCR4 [26] . However, it is likely that there are other surface molecules involved. In this regard CD8 T-cells primed in the lung draining lymph node were enriched for CCR5 and CXCR3 expression [27] . Furthermore, others have demonstrated that following intranasal vaccination with AdHu5Ag85A, antigen-specific CD8 T-cells localised to the lung expressed high levels of CXCR6 [28] . In addition, we have found CCR1, CCR6, CCR8, CD103 and VLA-1 to be upregulated on activated T-cells by respiratory mucosal, but not by intramuscular, immunisation (unpublished data), suggesting the involvement of multiple molecules in T-cell homing into the lung interstitium and airway. It is tempting to speculate that respiratory mucosal immunisation preferentially activates certain subsets of lung dendritic cells that are able to instruct T-cells to home to the lung interstitium and airway where they are needed.
The superior T-cell responses induced within the lung interstitium and airway lumen by intranasal immunisation may also be attributed to the ability of the viral vaccine backbone to activate the soluble innate immune signals in the local lung microenvironment. Adenoviruses are highly immunogenic, and respiratory mucosal immunisation with AdHu5Ag85A may activate a wide variety of lung local immune responses [29, 30] . In particular, the AdHu5 vector has been shown to elicit potent pro-inflammatory responses including the release of tumour necrosis factor-α, interleukin (IL)-6 and IL-12, as well as the recruitment and activation of macrophages and dendritic cells to the site of infection (unpublished data and [29, 31] ). Indeed, the immunogenic nature of AdHu5 vectors is what makes them an attractive vaccine delivery platform. However, while both intranasal and intramuscular administrations of the vaccine are able to activate local innate responses, only intranasal mucosal immunisation effectively activates local lung innate immune responses. Indeed, we have previously demonstrated that the inoculation of pro-inflammatory agonists, such as Toll-like receptor ligands, into the lung of intramuscularly immunised animals is able to draw antigen-specific T-cells from the peripheral sites into the airway lumen and provide protection against pulmonary TB [5, 14] . Furthermore, we have recently demonstrated that a robust innate inflammatory response is key for the timely generation of anti-TB T-cell immunity in the lung following primary pulmonary M. tuberculosis infection [10] .
Respiratory mucosal vaccination in human clinical trials
There are ongoing efforts for evaluation of respiratory mucosal vaccination against other respiratory pathogens. In particular, pulmonary delivery of an intranasal live attenuated influenza vaccine has demonstrated high efficacy in children in comparison with the injectable trivalent vaccine [32] . In addition, there have been attempts to explore pulmonary delivery of measles vaccine as an alternative to boost immunity, and this has been demonstrated to be safe and more immunogenic than the injected measles vaccine [33, 34] .
With regards to TB vaccines, most current candidates have been developed for and evaluated via the parenteral route of immunisation. MVAAg85A represents one of the most advanced TB vaccine candidates to date. Although the recent phase IIb efficacy trial in South Africa demonstrated that the parenteral route of boosting was ineffective in enhancing protection in BCG-primed infants [9] , the demonstrated safety and immunogenicity in a recent phase I MVAAg85A aerosol trial has provided the rationale, and optimism, for respiratory mucosal delivery of a TB vaccine in humans [35] .
Conclusion
Our understanding of what may constitute an effective TB vaccination strategy has increased significantly since BCG was first introduced into human immunisation programmes. The effective boost TB vaccination strategies should aim to generate is memory T-cells that are able to home to the two restricted lung mucosal compartments: the respiratory mucosal surface and the lung interstitium ( parenchyma). Such local mucosal tissue-associated T-cells and systemically located T-cells generated by parenteral BCG priming will together provide both local and systemic protection against pulmonary TB. The respiratory mucosal route of immunisation represents the most effective way to generate T-cells capable of homing to the restricted lung mucosal compartments. In comparison, the parenteral route of immunisation activates T-cells that are largely trapped only within the pulmonary vasculature and are thus unable to migrate into the site of action, particularly in the early stage of M. tuberculosis infection. Increasing numbers of clinical studies to evaluate the respiratory mucosal delivery of TB vaccines are expected in the next few years.
